Model colloidal systems studied with confocal microscopy have led to numerous insights into the physics of condensed matter. Though confocal microscopy is an extremely powerful tool, it requires a careful choice and preparation of the colloid. Uncontrolled or unknown variations in the size, density, and composition of the individual particles and interactions between particles, often influenced by the synthetic route taken to form them, lead to difficulties in interpreting the behavior of the dispersion. Here we describe the straightforward synthesis of copolymer particles which can be refractive index-and density-matched simultaneously to a non-plasticizing mixture of high dielectric solvents. The interactions between particles are accurately tuned by surface grafting of polymer brushes using Atom Transfer Radical Polymerization (ATRP), from hard-sphere-like to longranged electrostatic repulsion or mixed charge attraction. We also modify the buoyant density of the particles by altering the copolymer ratio while maintaining their refractive index match to the suspending solution resulting in well controlled sedimentation. The tunability of the inter-particle interactions, the low volatility of the solvents, and the capacity to simultaneously match both the refractive index and density of the particles to the fluid opens up new possibilities for exploring the physics of colloidal systems.
In addition to the physical properties of individual particles and the surrounding fluid, the structure and dynamics of colloidal suspensions are also determined by the forces that particles exert on each other [14] [15] [16] . The simplest interaction between solid particles is that of volume exclusion; in this so-called hard-sphere limit, particles are assumed to be impenetrable, and the phase behavior is governed by particle volume fraction alone. Two commonly used experimental systems that exhibit such a hard-sphere interaction potential and may be refractive index-and density-matched are poly (methyl methacrylate) (PMMA) microspheres stabilized by a brush of poly(hydroxystearic acid) (PHSA-PMMA) dispersed in a mixture of low dielectric organic solvents 15, 16 and stearylated-silica dispersed in halogenated fluids 17 . However, despite the low polarity of these solvents, trace amounts of ionizable impurities dissolved in these oils can charge particle surfaces in ways that are hard to predict and control 16, 18 : muddling otherwise purely hard-sphere interactions. Moreover, the most commonly used hard-sphere system, PHSA-PMMA, is often dispersed in fluid mixtures in which one or more of its components swells the polymer that composes the particles, sometimes by as much as several tens of percents. This may be expected to significantly lower the glass transition temperature, softening the particles, and changing their properties over time 16 . Finally, while this particular system has proven invaluable as a colloidal model system, it synthesis is notoriously difficult to reproduce. More elaborate inter-particle interactions can be engineered by adding polymers or surfactants to the fluid, and by modifying the surfaces of the particles themselves. Ionizable moieties or polymer brushes grafted onto the surface of colloidal particles give rise to additional parameters to control the phase behavior of the suspension [19] [20] [21] [22] . For example, suspensions of like charged colloids can organize into low density crystalline phases with symmetries not accessible for hard spheres 19 . By contrast, mixtures of colloidal particles with opposite charges can form structured colloidal gels 21, 23 and binary crystalline superlattices 24, 25 . It remains a challenge to synthesize colloidal particles with controllable interaction potentials and predictable yet flexible physical properties such as surface charge, refractive index and density.
In this paper, we describe the synthesis of a colloidal model system composed of monodisperse particles that can be simultaneously refractive index-and density-matched to mixtures of non-hazardous, polar solvents that do not plasticize the particles whose surfaces may be modified with polymer brushes grafted using Atom Transfer Radical Polymerization (ATRP). We produce monodisperse particles of poly(trifluoroethyl methacrylate -co-t-butyl methacrylate) by means of dispersion polymerization using commercially available ingredients. Polymer brushes grafted from the particle surface using surface-initiated ATRP 26 mediate forces between particles and may be sensitively tuned from hard-sphere-like to soft and long-ranged repulsive. Mixtures of these particles, functionalized with oppositely charged brushes show reversible charge-driven aggregation 21, 22 . The refractive index and density of these particles can be tuned by altering the copolymer ratio. Finally, we prepare these copolymer particles containing a fluorescent core and a non-fluorescent shell that enhances the accuracy of particle locating in densely-packed 3D confocal experiments 27, 28 .
Results and Discussion
The experimental limitations of many colloidal systems are often a direct consequence of the material that composes the dispersed particles. The relatively low refractive index, n, of silica particles can be matched to a wide variety of solvent mixtures, but matching their relatively high density, ρ, is challenging. Conversely, the low density of polystyrene particles can be matched, for example, by H 2 O/D 2 O mixtures, but their n is too high to be matched, hindering the study of concentrated systems by optical methods. By contrast, methacrylate polymers exhibit refractive indices and densities which can be simultaneously matched. This is traditionally done in apolar, halogenated solvents, which swell and plasticize the particles, and in which charge interactions are difficult to control 16 . Here we develop a colloidal system which can be suspended in polar solvents, in which the refractive index and density can be controlled precisely, and whose interactions are tunable using controlled living radical polymerisation methods, illustrated in Fig. 1 . Fluorinated methacrylate polymers, such as poly(trifluoroethyl methacrylate), have relatively low refractive indices, n ≤ 1.415, yet a very large density, ρ ∼ 1.538 g/ml. Conversely, aliphatic methacrylate polymers have densities that decreases with the length of the alkyl group: ρ∼ methyl methacrylate > ethyl methacrylate > t-butyl methacrylate, but exhibit relatively high refractive indices, n PMMA ≈ 1.495. Combining these two types of monomers at different molar ratios yields a copolymer of which density and refractive index can be tuned; a similar strategy to tune the refractive index of the PMMA system was reported previously 29 . Here we choose a combination of trifluoroethyl methacrylate (TFEMA) and tert-butyl methacrylate (tBMA). Homopolymers of each exhibit the following properties: PTFEMA [ρ = 1.53 g/ml, n = 1.4185] and PtBMA [ρ = 1.022 g/ ml, n = 1.4630]. The dispersion copolymerization of TFEMA and tBMA yields particles with a very low size polydispersity, typically CV ≤ 5% (Fig. 2, see SI) . The particle size can be tuned precisely from a ∼ 0.55 μm-8 μm by changing the type and amount of cosolvent and by the monomer volume fraction charged during dispersion polymerization, see Fig. 3 . At a ratio of 28:72 of TFEMA:tBMA, by volume, particles have a relatively low density, ρ = 1.16 g/ml, refractive index, n = 1.452, and high glass transition temperature, T g ∼ 86 °C as measured by differential scanning calorimetry while in the suspending solution. This comonomer ratio is specifically chosen to refractive index and density match the colloids to a mixture of polar solvents, formamide and sulfolane.
The phase behavior and dynamics of colloidal systems depends sensitively on the pair interactions between the particles. Tuning these interactions thus allows the creation of a wide variety of liquid and solid states. Typically, the interactions between particles results from moieties at the particle surface which originate from the synthesis, such as residual charges from initiators or stabilizers. Here we present a method which offers precise control of surface functionality in a separate post-synthesis modification step, using surface-initiated Atom Transfer Radical Polymerization 26 . During the dispersion polymerization of the particles, we covalently incorporate an ATRP initiator 30 . While the co-polymerisation of the initiator with the bulk of the particle polymer is random, the inimer itself remains soluble and thus is enriched at the particle surface where it remains accesible for the subsequent modification step. Including this functional monomer does not influence the particle size or polydispersity as shown in Fig. 3 . To confirm that the ATRP initiator remains active after the dispersion polymerization, we grow a brush of a fluorescent monomer from the surface of the particles. While this brush thickness is well below the diffraction limit, a fluorescent halo is clearly distinguishable around each particle when imaged using confocal microscopy, indicating uniform surface modification despite the presence of a steric polymer layer, as shown in Fig. 4A .
Typically, the degree of polymerization of these brushes is determined by the molar ratio of monomer to surface initiator molecules, however, the precise number of ATRP initiators at the particle surface, and therefore the number of growing polymer chains, is unknown. Instead, we control the molecular weight of the growing chains by adding a sacrificial initiator to the bulk reaction at a concentration significantly higher than the maximum number of possible reactive groups present on the particle surface. Our approach has the additional benefit that polymerizations operated with a large excess of sacrificial initiator are less sensitive to inhibitors, impurities, and small procedure variations. We use this approach to prepare copolymer brushes of a neutral, dimethyl acrylamide, DMA, and anionic, sulfopropyl acrylamide, SPAm, at different molar ratios of the two monomers. In this way, the surface charge density, and thereby the colloidal interactions, can be carefully and reproducibility tuned. The surface charge density of these particles is calculated using measured ζ-potentials and using the following empirical relation 31 : where  Z is the surface charge density, ε is the dielectric constant of the suspending fluid (∼ 82), ε 0 is vacuum permittivity, k is the Boltzmann constant, T is the absolute temperature, e is the elementary charge, κ is the inverse Debye screening length, and
. By adjusting the ratio of neutral to charged monomer, we control the final charge density on the particles, from neutral to highly charged, which is not possible with other colloidal systems while permitting refractive index and density matching (Fig. 4B) .
Once the particles are formed, their surfaces modified, and a fluorescent label incorporated, these colloids may be used for confocal microscopy experiments only if the suspending fluid meets certain experimental criteria: non-volatile, high dielectric constant, and match both the refractive index and density of the colloids. Additionally, the fluid must not swell or soften the particle, which causes gradual degradation of the particles, changes in volume fraction and leaking of non-covalently bound fluorophore from the particle. All of these requirements are met by a choosing a specific comonomer ratio of the polymer which composes the particle, such that a 72:28 by volume mixture of formamide and sulfolane solution matches both the refractive index and density of the particles. The density difference between fluid and copolymer particle is minute, confirmed by the absence of visual signs of sedimentation or creaming even after centrifugation at 20,000 g for 48 hours. Moreover, this mixture does not plasticize the particles, as inferred by observing no fluorophore leaking into the suspending fluid, even after storage for over 2 years. Interestingly, this mixture of solvents has a dielectric constant of ε ∼ 82, nearly the same as that of water 32 . This highly polar solvent mixture allows the dissolution of large concentrations of electrolyte to screen charge repulsion, rendering the interactions between the colloids hard-sphere like. We take a suspension of fluorescently-labeled colloids, modified with a copolymer brush of DMA and SPAm, at a volume fraction φ = 0.42 ± 2, and add 50 mM of sodium chloride to screen the surface charges. From confocal fluorescence microscopy images, we extract particle positions in three dimensions from which the radial distribution function, g(r), is computed. This pair correlation function in this fluid regime can be accurately described by the Perkus-Yevick closure approximation for pure hard spheres, see Fig. 5 , confirming that interactions occur through volume exclusion alone. We note that, since particles are not swollen by either of the two solvents used here, volume fractions determined from particle counting in three-dimensional confocal microscopy and those determined through solvent evaporation with thermogravimetric analysis, or from sedimentation, are identical to within the noted experimental error 16 . Interestingly, if we take the same colloidal particles at an identical volume fraction, and de-ionize the fluid mixture to remove any ionic species and impurities, the particles begin to interact through long-ranged electrostatic repulsions. The conductivity of formamide as received is 68 μS/cm and that of sulfolane is 6.6 μS/cm. After deionization with a mixed bed ion exchange resins, the conductivity decreases to 1.0 μS/cm and 0.23 μS/cm, respectively. While the screened sample at a volume fraction below the freezing limit for hard-spheres exhibited a fluid structure, the particles in this deionized refractive index-and density matching mixture crystallize due to the electrostatic repulsions, forming a so-called colloidal Wigner crystal (Fig. 6A,B) , in which distinct and sharp peaks in the radial distribution function are observed (inset Fig. 5 ).
When the same particles, labeled with a yellow fluorescent dye, are mixed with particles from the same batch whose surface has instead been functionalized with a cationic polymer brush and contain a red fluorescent dye, charge attraction between the oppositely charged species gives rise to the formation of electrostatically-assembled gels (Fig. 6C ). Such gels show distinctly different behavior from colloidal networks formed by aspecific aggregation in a single component dispersion 21, 22 . While this system of particles composed of 2 monomers, and a fluid mixture of only 2 components, allows almost perfect matching of the densities, certain experiments may require a controlled density mismatch, for example to templating of crystals on patterned substrates [11] [12] [13] , or to ascertain the equation of state. 33 In the system we present here, minute changes to the copolymer ratio allows doing exactly this. These changes do not influence the particle size or polydispersity shown in Fig. 3 . To showcase this we prepare particles which can be perfectly refractive index matched in pure formamide, but which exhibit a mild density mismatch of 0.077 g/cm 3 . A sample at φ ≈ 0.02 is equilibrated for 2 days, during which a crystalline sediment forms, a sharp and distinct crystal-fluid interface becomes apparent. The refractive index match allows us to image very deep into the sample, seen in the confocal microscopy image in Fig. 7 which shows a penetration depth of the excitation laser of well over 220 μm into the sample, without significant optical aberrations even in the direction perpendicular to the confocal scanning plane.
Finally, we show that the same particles can be created in a core-shell variant, in which a fluorescent core is embedded in a non-fluorescent shell. Such core-shell architecture is particularly useful for studies of dense suspensions in which locating particle centroids with high accuracy can be difficult. Separating the fluorescent centers of the particles with a non-fluorescent shell of the same material is known to greatly enhance the resolution and accuracy of particle locating algorithms 27 . We prepare core-shell particles by seeded-dispersion polymerization in the presence of cross-linked core particles in which a fluorescent dye is covalently attached to the polymer chains. These crosslinked cores are prepared using precipitation polymerization, which yields monodispersed particles with a clean surface free of dispersant or surfactant 34 (Fig. 8A ). These polymerizations are performed at low volume fractions of monomer; reactions in which the monomer concentration was increased to > 5 vol%, and with crosslinker concentrations in excess of 2 vol%, produced an undesirably large number of dimers and trimers. Subsequently, a non-fluorescent shell is formed around the cross-linked core particles by a seeded dispersion polymerization. During polymerization, the cosolvent ratio determines the maximum particle size possible; secondary nucleation can be avoided by using low amounts of cosolvent. This results in high yields of monodisperse core-shell particles (Fig. 8B) , whose surface can be functionalized using the same surface-initiated ATRP procedure as discussed above. Confocal imaging of these particles yields distinctly separated fluorescent centers, even when the particles are in direct contact (Fig. 8c) .
Conclusions
In this paper we present a complete method to produce monodisperse colloidal particles, whose refractive index and density can be tailored and whose interactions can be precisely tuned using surface-initiated growth of polymer brushes. The simultaneous matching of refractive index and density, in a non-volatile, non-hazardous and polar solvent, allows high resolution quantitative imaging of these systems with three-dimensional confocal microscopy. Moreover, by tuning the composition of the polymer brush at the surface, and controlling the ionic strength of the suspending medium, we tune the interactions from hard-sphere like, where volume exclusion alone governs their phase behavior, to long-ranged repulsive or attractive. The synthesis we describe uses ingredients which are readily available, and whose procedure is highly reproducible. This resolves many of the constraints imposed by commonly used experimental Figure 6 . (A) 2D x-y confocal microscopy slices of a Wigner crystal; particles at φ ∼ 0.40 in deionized, refractive index and density matched solution. Scale bar is 20 μm. Inset: higher magnification, with a scale bar of 2 μm. (B) 3D particle reconstruction from particle locations; distances in microns, starting at 15 μm from the coverslip. (C) 2D confocal microscopy images of refractive index and density matched colloidal gels composed of 1.85 μm diameter particles with an anionic (green) and cationic (red) surface charge in ∼ 0 mM NaCl. systems for exploring the physics and physical chemistry of colloidal dispersions. Moreover, due to the polarity of the suspending medium, our systems opens the way to the preparation of particles which exhibit specific interactions, for example using supramolecular motifs, that allow the study of directed colloidal self-assembly in three dimensions and in absence of gravitational stresses.
Methods
All materials are purchased from Sigma-Aldrich and used as received, unless otherwise noted. Dispersion polymerization. Most particle polymerizations using poly-vinylpyrrolidone, PVP, as the steric stabilizer are conducted in a 200 ml round bottom flask tumbled in a heated glycerol bath by an overhead stirrer. Typical polymerization mixtures are given in the SI. A dispersion reaction proceeds as follows: methanol (90.0 ml), deionized water (10.0 ml), 2,2,2-trifluoroethyl methacrylate (2.8 ml, FEMA, SynQuest Laboratories), t-butyl methacrylate (7.2 ml, tBMA, TCI America) at a ratio of 28:72 by volume, polyvinylpyrrolidone (4.0 g, PVP K30), the inimer (2-(2-bromoisobutyryloxy) ethyl acrylate or 2-(2-bromoisobutyryloxy) ethyl methacrylate, 0.5 ml, see SI for synthesis protocol) and 0.1 g of 2,2′, -Azobis(2-methylpropionitrile) (AIBN) are added to the reaction flask. The flask is brought under vacuum and subsequently purged with nitrogen, which is repeated several times to obtain oxygen-free conditions. The reaction mixture is then slowly rotated at ≈ 75 rpm in a glycerol bath at 55 °C for 16 hours. The resulting particles are washed by repeated centrifugation and redispersion in a 1:1 water-methanol mixture. Polymerizations are invariant to total reaction volume; reaction volumes up to 1000 ml have been conducted with no changes to the final particle size and polydispersity. Core-shell particles. Cross-linked core particles are prepared using precipitation polymerization using a charged comonomer 3-sulfopropyl methacrylate (SPMA), conducted in a 200 ml round bottom flask equipped with a reflux condenser. Detailed description of the reaction mixtures are given in the SI. A typical polymerization reaction proceeds as follows: methanol (80.0 ml), deionized water (22.0 ml), 2,2,2-trifluoroethyl methacrylate (1.45 ml), t-butyl methacrylate (3.9 ml), SPMA potassium salt (0.055 g), acrylate inimer (0.100 ml, 2vol% to monomer), ethylene glycol dimethacrylate (0.107 g, 2vol% to monomer), a solution of fluorescent monomer, rhodamine B methacrylate or coumarin methacrylate (see SI for synthetic procedure, 1.0 ml, 2wt% in methanol) and AIBN (0.055 g) are added to the reaction flask. The reaction flask is then heated to reflux, without degassing, at ∼ 80 °C for 5 hours. After completion, the particles are washed by repeated centrifugation and redispersion (5X) in a 1:1 water-methanol mixture. Successful covalent attachment of fluorophores is verified by suspending crosslinked particles in tetrahydrofuran (THF) in which they maintain a spherical shape and strong fluorescence, with no fluorescence visible in the suspending solvent. A non-fluorescent shell is grown around the colloids using seeded dispersion polymerization, following the procedure described above. The thickness of the shell can be tuned by the ratio of fluorescent seed particles to total monomer.
Surface functionalization.
The inimer that is copolymerized during the dispersion polymerization allows for the use of ATRP to directly grow a polymer from the surface of the colloid 26 . To control the degree of polymerization of the growing polymer, a sacrificial ATRP initiator is added to the solution, assumed to be in large excess of the available surface inimer molecules 35 . This sacrificial initiator (PEGini) is synthesized identically to the acrylate inimer exchanging 2-hydroxyethyl acrylate for poly(ethylene glycol) methyl ether, M n = 550. A typical surface-modification proceeds as follows: formamide (FM, 32 ml), water (26 ml), PEGini (1.25 ml, 2.26 mmoles), 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (SPAm, 10.1 mmoles, 50wt% in H 2 O), dimethylacrylamide (DMA, 47.1 mmoles), 1,1,4,7,10,10-hexame thyltriethylenetetramine (HMTETA, 2.38 mmoles), Cu(II)Cl 2 (1.13 mmoles) are added to a 200 ml flask containing the particle suspension (65 ml, 25% solids, Index and density matching. Particles are washed into deionized formamide (FM), with a conductivity of σ = 1.00 μS. Deionized tetramethylsulfonone (SF, σ = 0.23 μS) is added drop wise to a particle suspension at a volume fraction of φ ∼ 0.40 until the sample is transparent as judged visually. Density matching is verified by centrifuging the dispersion at 3000 g for 6 hours. The suspending fluid mixture is adjusted until no sedimentation or creaming is observed. By synthesizing the colloids from a specific volumetric ratio of monomers (FEMA:tBMA, 28:72), both refractive index and density are simultaneously matched with a mixture of FM and SF at 72:28 by volume. The final suspending fluid mixture has an estimated dielectric constant of ε ∼ 82 32 . A mixed bed ion exchange resin (Dowex Marathon MR-3) is added to further deionize the suspending fluid mixture to control charge interactions. Particle characterization. Particle sizes and polydispersities are measured from both brightfield microscopy and scanning electron microscopy (SEM, Zeiss Supra 55). We define the coefficient of variation, CV, as the standard deviation over the mean particle radius, σ/ a . Refractive index and density matched samples are allowed to equilibrate for several hours in hermetically sealed sample chambers, after which 3D image stacks are recorded using a confocal fluorescence microscope (Leica SP5). Radial distribution functions are calculated using standard particle locating algorithms 36 . Zeta potentials are measured with a Malvern Zetasizer Nano ZS on dilute particle suspensions in 10 mM PIPES buffer at pH 7.0. The glass transition temperature of the copolymer particles in the index-and density-matching mixtures is measured with differential scanning calorimetry (TA Instruments, Q200).
